The biphasic floral transition in Arabidopsis thaliana involves many redundant intersecting regulatory networks. The related AP2 transcription factors DORNRÖSCHEN (DRN), DORNRÖSCHEN-LIKE (DRNL), and PUCHI individually execute well-characterized functions in diverse developmental contexts, including floral development. Here, we show that their combined loss of function leads to synergistic floral phenotypes, including reduced floral merosity in all whorls, which reflects redundant functions of all three genes in organ initiation rather than outgrowth. Additional loss of BLADE-ON-PETIOLE1 (BOP1) and BOP2 functions results in the complete conversion of floral meristems into secondary inflorescence shoots, demonstrating that all five genes define an essential regulatory network for establishing floral meristem identity, and we show that their functions converge to regulate LEAFY expression. Thus, despite their largely discrete spatiotemporal expression domains in the inflorescence meristem and early floral meristem, PUCHI, DRN, and DRNL interdependently contribute to cellular fate decisions. Auxin might represent one potential non-cellautonomous mediator of their gene functions, because PUCHI, DRN, and DRNL all interact with auxin transport and biosynthesis pathways.
Introduction
Angiosperm flower development involves a biphasic transition of the shoot apical meristem (SAM) to flower formation, whereby the endogenous and environmental floral induction programmes first convert the vegetative SAM into an inflorescence meristem (IM), which then initiates floral meristems (FMs) on its flank. Floral organ identity is conferred by the single and combinatorial function of whorl-specific, MADSbox transcription factors, according to the ABC model (Coen and Meyerowitz, 1991) . The highly buffered and complex combinatorial gene regulatory networks that regulate each developmental transition of floral induction, meristem identity, and floral organ identity have been well characterized in Arabidopsis thaliana (Krizek and Fletcher, 2005; Albani and Coupland, 2010; Alvarez-Buylla et al., 2010; Posé et al., 2012; O'Maoiléidigh et al., 2014) . Features of these networks include parallel pathways and regulatory nodes consisting of master genes such as LEAFY (LFY) and APETALA1 (AP1), which affect meristem and floral organ identity (Mandel et al., 1992; Weigel et al., 1992) . Redundancy also exists between the meristem identity genes AP1, CAULIFLOWER, and FRUITFULL (Ferrándiz et al., 2000) , and between LFY, AINTEGUMENTA (ANT), and AINTEGUMENTA-LIKE6 (AIL6)/PLETHORA3 for floral primordium initiation (Yamaguchi et al., 2016) . In addition to overlapping gene functions, pathway outputs are conferred by protein-protein interactions and fine-scale spatiotemporal dynamics (Posé et al., 2012) . The tissue-specific expression of transcription factors allows for combinatorial complexity, partly via cooperative binding to promoters (e.g. MADS-box proteins; Messenguy and Dubois, 2003) ; however, given the robustness and redundancy of these networks, their full complexity has potentially not been fully elucidated by mutational or genetic analysis at higher order levels. Furthermore, despite knowledge concerning the regulation of FM initiation and identity in Arabidopsis (Chandler, 2012) , and the characterization of the founder cell transcriptome at the earliest stages of lateral organ initiation within the IM , the precise specification signals within a specific spatiotemporal context in the FM or the IM periphery remain largely unknown (Chandler, 2011) .
Auxin is considered a specification signal in some developmental contexts Dubrovsky et al., 2003) and is absolutely required for floral primordium and organ initiation, since mutants in polar transport (Gälweiler et al., 1998) or biosynthesis lack FMs or floral organs (Cheng et al., 2006) . One essential auxin-regulated pathway required for FM initiation involves the activation of LFY, ANT, and AIL6/PLT3 by MONOPTEROS (MP) (Yamaguchi et al., 2013) ; however, canonical auxin response maxima are adaxial to bract founder cells in the IM marked by DORNRÖSCHEN-LIKE (DRNL) expression (Chandler and Werr, 2014) . Furthermore, an auxin minimum is essential in several organ patterning and specification contexts, such as the polarity of lateral organs from the SAM (Qi et al., 2014) , axillary bud outgrowth , and valve-margin separation (Sorefan et al., 2009) . Cytokinin signalling also interacts with auxin responses in several cell fate specification scenarios (Chandler and Werr, 2015) , for example to determine the timing of FM initiation within IMs (Besnard et al., 2014) , demonstrating that interactive hormone responses provide an essential component of positional information. Arabidopsis FMs initiate in the axils of bracts, which are cryptic (Kwiatkowska, 2006) , and initial unidirectional FM development along an adaxial-abaxial axis from the IM centre leads to the division of founder lineages into bracts and abaxial sepals (Chandler, 2014; Chandler and Werr, 2014) . PUCHI is required for FM initiation and to convert secondary inflorescences to flowers (Karim et al., 2009) ; however, the puchi mutant floral phenotype is subtle and is masked by the combined function of two redundant BTP/POZ transcription factors, BLADE-ON-PETIOLE 1 (BOP1) and BOP2, upstream of LFY (Norberg et al., 2005; Karim et al., 2009) . PUCHI is closely related to DRNL and its paralogue DORNRÖSCHEN (DRN) among class VIIIb ERF-type AP2 transcription factors (Nakano et al., 2006) .
Although the DRNL founder cell marker is expressed in all floral organs, its loss of function only affects stamen outgrowth (Chandler et al., 2007; Nag et al., 2007) , suggesting that potential redundancy exists in other expression domains. DRNL and DRN are highly redundant in embryonic patterning, via shared protein interaction partners (Chandler et al., 2007) , but despite the functional equivalence of DRN and DRNL in flowers, they are expressed in spatially discrete transcriptional domains (Chandler et al., 2011b) . Although drn-1 drnl-1 has no additive floral phenotype over that of drnl-1 alone, combination of drn-1 with the strong drnl-2 allele (also known as bcm1; b-class modifier 1; Nag et al., 2007) leads to the absence of FMs (Chandler et al., 2007) , indicating redundant functions in FM initiation. In addition to conserved AP2 domain homology between DRN/DRNL and PUCHI, all three proteins share a C-terminal ESR transcriptional activation domain Nomura et al., 2009) that is unique among all Arabidopsis AP2 proteins (Nakano et al., 2006) and, thus, each protein potentially targets overlapping sets of downstream genes. DRN, DRNL, and PUCHI gene functions interact in gynoecium development (Eklund et al., 2011) and are regulated by auxin: PUCHI is transcriptionally regulated by auxin in lateral root founder cells (Hirota et al., 2007) via ARF7 and ARF19 (Kang et al., 2013) , DRN is a target of MP via upstream promoter auxin response elements (Cole et al., 2009) , and DRNL function synergizes with polar auxin transport in the inflorescence (Chandler et al., 2011b) .
Due to the close phylogenetic relationship between DRN/ DRNL and PUCHI, this study combines an analysis of their functional contributions to floral development with a detailed comparison of their relative spatiotemporal expression domains. Genetically, all three genes functionally overlap in floral organ initiation or specification. The phenotype resulting from loss of PUCHI, DRN, and DRNL function is enhanced by the additional loss of BOP1 and BOP2, and in the quintuple puchi drn drnl bop1 bop2 mutant, FMs are completely converted into shoots, showing that all five genes combinatorially define a gene regulatory network that regulates FM identity. This phenotype phenocopies that of strong lfy alleles, and we show that LFY expression is down-regulated in the drn puchi bop1 bop2 and drnl puchi bop1 bop2 quadruple mutants compared with in the puchi bop1 bop2 mutant, demonstrating that together with BOP1 and BOP2, DRN, DRNL, and PUCHI redundantly control meristem identity via the LFY pathway.
Materials and methods

Plant material and growth conditions
Plants were grown in the greenhouse in long-day conditions. PUCHI-GFP/puchi was obtained from J. Kim (Japan) and is described in Hirota et al. (2007) ; puchi-1 and bop1-4 bop 2-11 were a gift from M. Tasaka (Nara Institute of Science and Technology, Takayama, Japan). The DRN::GUS line and β-glucuronidase (GUS) staining procedure are described in Kirch et al. (2003) . The DRN::GFP, DRNL::erCERULEAN, and DRNL::GFP lines have been described (Chandler et al., 2007; Cole et al., 2013) . The ap1-1 cal-1 double mutant (N6161), lfy-1 (N6228), and lfy-2 (N6229) were obtained from the NASC (Nottingham, UK), and lep-1 was a gift from M. Neff (Pullman, WA, USA).
Homozygous lep-1 plants containing an insertion at +424 nucleotides from the start of the ORF were genotyped using LEPF (5'-ATGAACACAACATCATCAAAGAGCAAGAA-3') and JL202 (5'-CATTTTATAATAACGCTGCGGACATCTAC-3') for the insertion, and LEPF and LEPR (5'-TTAGGAGCCAAAG TAGTTGAAACCTTGAG-3') for the wild-type allele. The GABI-KAT T-DNA insertion line (NASC, line N304812) was homozygous for an insertion in At1g12890 after 424 bp from the start of the ORF after genotyping with 12890F (5'-ATGTTG AAATCAAGTAACAAG-3') and 8409 (5'-ATATTGACCATCAT ACTCATTGC-3') for the insertion, and with 12890F and 12890R (5'-TCACATAAGAAACTGTGGAGC-3') for the wildtype allele. Plants from the line SAIL_367_C05 (NASC, line N817042) were genotyped for those homozygous for an insertion in At2g28160 prior to -477 upstream of the ATG start codon, using 28160F (5'-ATATGGACGATTAGTTGCTAA-3') and LB3 (5'-TAGCATCTGAATTTCATAACCAATCTCGATACA-3') for the insertion, and 28160F and 28160R (5'-TCATTGGTAGAAGA ATGTGGA-3') for the wild-type allele. Genotyping of mutant alleles was performed as described previously: drn-1 and drnl-1 (Chandler et al., 2007) and pid-2 (N8063 from NASC) (Chandler et al., 2011b) . The drnl-1 allele was used, except where drnl-2 is explicitly stated. The puchi-1 allele was genotyped using PUCHIIntF (5'-GGTTACTTGGATTGCATTGT-3') and PUCHIR (5'-CTAA AAGACTGAGTAGAAGC-3' (Hirota et al., 2007) . Wild-type and puchi-1 mutant amplicons were distinguished on a 3% agarose gel. All genotyping was performed using the Extract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich, Hamburg, Germany). The green fluorescent protein (GFP)-tagged LFY line (pLFY::GLFY; Wu et al., 2003) was a gift from D. Wagner (University of Pennsylvania, USA). Floral staging was assessed according to Smyth et al. (1990) .
Confocal imaging
Imaging of GFP and CERULEAN chromophores was performed with a Zeiss LSM 700 confocal laser scanning microscope (CLSM). GFP was excited at 488 nm and emission was analysed between 502 nm and 525 nm. CERULEAN excitation and emission wavelengths were 405 nm and 390-460 nm, respectively. CLSM images were processed using Photoshop CS2 software (Adobe), and Z-stacks were converted into 3D images using Imaris software (Bitplane, Zürich, Switzerland).
Statistics
Organ numbers of mutants were compared for significant differences using unpaired t-tests.
Results
DRN, DRNL, and PUCHI have overlapping functions in floral organ initiation
To assess genetic interactions and potential redundant genetic functions between DRN, DRNL, and PUCHI in floral organ initiation, each pairwise double mutant and the triple mutant were analysed. Among drn, drnl, and puchi single mutants, only drnl had significantly fewer stamens than the wild type, and drn drnl possessed fewer (but non-significantly) carpel valves than the controls or each single mutant (Table 1) . However, combinatorial loss of DRN, DRNL, and PUCHI function led to significantly fewer floral organs in each whorl than in the wild type, drn drnl, drn puchi, or drnl puchi mutants (Table 1 ; Fig. 1A-E) . This synergistic phenotype implicates partially redundant functions for all three genes in organ merosity. An additional phenotype was observed in drn drnl puchi, consisting of bract-like outgrowths subtending each floral pedicel, which terminally differentiated into single or branched trichomes. The comparative phenotypes of the respective double mutant combinations revealed that this trichome phenotype was shown by drn puchi (Fig. 1F-H ), but not drnl puchi (Fig. 1I ) or drn drnl, and was therefore due to specific loss of DRN and PUCHI functions. The frequency of trichomes and the size of the bract-like structures decreased acropetally during inflorescence development, and these disappeared in later initiated flowers of drn puchi (Fig. 1L ), but persisted until later developmental stages in the drn drnl puchi triple mutant (Fig. 1M ). The expression of DRN and PUCHI was analysed in inflorescence stems to investigate whether it coincides with the outgrowth of these structures: no PUCHI-GFP expression was observed in the stem or pedicels (data not shown), but DRN::GUS was expressed in the axils of the floral pedicels (Fig. 1J, K) .
To distinguish whether the absence of floral organs in drn drnl puchi reflects blocked initiation or suppressed outgrowth, we generated transgenic drn drnl puchi mutants expressing DRNL::GFP, to visualize founder cell populations in each floral whorl. Founder cell populations expressing DRNL were frequently absent in all floral whorls ( Fig. 1O and Q for carpels and petals, respectively) compared with the wild type ( Fig. 1N , P), at a similar frequency to that of missing organs, confirming that loss of DRN, DRNL, and PUCHI abolishes organ initiation at the level of founder cell recruitment or specification, and not by suppressing organ outgrowth. DRNL::GFP expression also marked founder cell populations in the floral stipules at the base of the FM (Fig. 1R ), flanking the cryptic bract. DRNL expression within the FM qualitatively differed from that in the wild type ( Fig. 1P ): a broader, ring-shaped domain often encompassed the whole FM periphery at stages 2 and 3 instead of discrete foci of DRNL expression in sepal founder cells (Fig. 1R ). 
DRN, DRNL, and PUCHI expression in the IM and FM
To correlate the DRN, DRNL, and PUCHI gene expression patterns with the higher order mutant phenotypes, we analysed single and multiple transgenic reporter lines. DRN expression is restricted to the centre of the IM and FM ( Fig. 2A ), but is absent in the FM of young floral primordia as they separate from the IM periphery, and expression reappears in late stage 2 flowers ( Fig. 2A) . In contrast, DRNL is not expressed in the centre of the IM or FM, and marks bract founder cells at the IM periphery ( Fig. 2A) . In addition to expression in all floral organ founder cells, two lateral DRNL expression domains precede petal and lateral stamen initiation, and a central, ring-shaped domain pre-patterns the medial stamens ( Fig. 2A) . At floral stage 6, DRNL marks two carpel founder cell populations in the FM centre. The DRN and DRNL expression domains are mutually exclusive in the IM and the outer three whorls of floral organs. Although DRN and DRNL expression potentially overlap in the carpel founder cell domains in top-view confocal images (Fig. 2B) , lateral images show that these domains are mutually exclusive and no cells co-express both markers (Fig. 2C, D) .
PUCHI-GFP is expressed in a narrow temporal time window in P 1 to P 3 primordia, corresponding to floral stages 1 and 2 (Fig. 2E) . A lateral view of a P 3 floral primordium shows that expression marks up to four cell layers on the adaxial side of the FM (Fig. 2F) .
To compare the relative dynamic spatiotemporal expression domains of DRN, DRNL, and PUCHI and to identify potential overlapping domains, a triple transgenic line was created by crossing PUCHI-GFP/puchi to a line co-expressing DRN::erGFP and DRNL::erCERULEAN. Resulting F 1 plants that strongly expressed all three fluorophores were analysed, to avoid any effects of the puchi phenotype in the F 2 generation. No overlap in DRN and PUCHI expression was observed in the IM or FM, since PUCHI expression disappears in stage 2 flowers prior to the reappearance of DRN expression. However, PUCHI and DRNL expression overlap transiently in the adaxial floral primordium domain in stage 2 flowers (Fig. 2G-I ). Importantly, this trilateral expression analysis within the same transgenic line revealed no domain in which all three genes were co-expressed.
PUCHI function converges with auxin transport
Because drnl but not drn shows synergistic phenotypes with pinoid (pid) (Chandler et al., 2011a) , we analysed the genetic interaction between puchi and pid-2. No floral defects were observed in puchi (Fig. 3A) , and pid-2 produced ectopic floral organs, especially petals (Fig. 3B) ; however, puchi pid-2 mutants produced naked pin-like inflorescences with no lateral organs (Fig. 3C, D) . This superadditive phenotype indicates a functional interaction between PUCHI and polar auxin transport.
As auxin is implicated in organ initiation, we investigated whether auxin response monitored by the DR5::GFP reporter was altered in drn drnl puchi IMs and FMs. Although DR5 expression in the drn drnl puchi IM (Fig. 3F ) was more intense than in the wild type (Fig. 3E) , expression in young FMs was more diffuse. No clear discrete foci of DR5 expression were observed in drn drnl puchi sepal primordia (arrowheads, Fig. 3F ) whereas in the wild type, clear auxin response maxima were observed in the sepal primordia, particularly in stage 2 and 3 flowers (arrowheads, Fig. 3E ), and also in the sepal margins.
Loss of DRN and DRNL function together with the auxin biosynthesis gene YUCCA4 (YUC4) also results in fewer organs in each floral whorl (Chandler et al., 2011b) . This prompted us to analyse the distribution of founder cell populations in drn drnl yuc4 triple mutants by monitoring DRNL::GFP expression. DRNL was expressed in a ringshaped domain in the outer sepal whorl (Fig. 3G) , instead of marking sepals individually in floral stages 2 and 3, in a qualitatively similar pattern to that in drn drnl puchi (compare with Fig. 1R ) and the strong drnl-2 allele (Fig. 3H ).
DRN and DRNL do not genetically interact with BOP1 and BOP2
Because DRN and DRNL function redundantly in floral organ initiation with PUCHI, and PUCHI interacts with BOP1 and BOP2 in various aspects of floral determinacy, we probed genetic interactions between BOP1 and BOP2 and DRN or DRNL by creating the respective triple and quadruple mutants.
The bop1 bop2 mutant possesses fewer carpel valves, and more medial stamens and first and second whorl organs than the wild type, with frequent sepal to petal conversions ( Table 2 ). The drn bop1 bop2 and drnl bop1 bop2 mutants showed no synergistic or interactive phenotypes compared with bop1 bop2: the bracts and the polarity defects of bop1 bop2 (Fig. 4B) were also present in drn bop1 bop2 and drnl bop1 bop2 (Table 2) . Stamens were fused to the gynoecium in 24% of drn drnl bop1 bop2 flowers, which was not observed in any other mutant combination.
The class VIIIb ERF gene LEAFY PETIOLE does not genetically interact with PUCHI DRN, DRNL, and PUCHI belong to a subgroup within clade VIIIb of the Arabidopsis ERF/AP2 protein superfamily (Nakano et al., 2006) , which also contains three other members: LEAFY PETIOLE (LEP), At1g12890, and At2g28160, to form three phylogenetically related gene pairs (Fig. 4C) . Given the functional redundancy between DRN and DRNL in embryos (Chandler et al., 2007) and interactions between PUCHI and DRN/DRNL here, we also analysed whether LEP, At1g1890, and At2g28160 contribute to floral development and whether LEP functions redundantly with its most closely related gene, PUCHI. The lep-1 allele contains a T-DNA insertion in the LEP ORF, after 424 nucleotides downstream from the start codon. At low penetrance (less than ~3% of flowers), lep-1 showed a similar mosaic floral inflorescence phenotype (Fig. 4D, E) to that of puchi and, occasionally, bracts (Fig. 4F, G) .
Because the PUCHI and LEP loci are linked on the top arm of chromosome 5, the double mutant was created by first screening the F 2 population for a single crossover event and selfing the resulting sesqui puchi puchi/lep-1 LEP1 mutant to create a double homozygous mutant. The phenotype of lep puchi was similar to that of either single mutant (Table 2) , suggesting no functional redundancy between both genes in bract or floral development. No synergistic or novel phenotype was observed in lep bop1 bop2 triple mutants, which showed the additive phenotypes of the mosaic floral inflorescences of lep-1 and the bop1 bop2 floral phenotype ( Fig. 4B ; Table 2 ). At1g12890 and At1g28160 insertion mutants showed no mutant floral phenotype (Table 2) .
DRN, DRNL, PUCHI, BOP1, and BOP2 co-ordinately regulate FM identity
To further address redundancy between DRN, DRNL, and PUCHI in the sensitized bop1 bop2 background, we created the respective quadruple drn puchi bop1 bop2 and drnl puchi bop1 bop2 mutants and the quintuple drn drnl puchi bop1 bop2 mutant.
Both quadruple mutants possessed significantly fewer floral organs in each whorl than the wild type or puchi bop1 bop2 ( Fig. 5A-I ; Table 2 ), except for sepals and carpels in drn puchi bop1 bop2. All floral organs of both quadruple mutants also showed homeotic transformations, including petaloid, stamenoid, or carpeloid sepals, stamenoid or carpeloid petals, and sepaloid or petaloid stamens, as well as organ fusions or open carpels (Table 3) .
To create the quintuple mutant, puchi bop1 bop2 was crossed to drn drnl. Among the F 2 progeny, a phenotype that consisted of the reiterative production of inflorescence paraclades with bract-like structures instead of flowers ( Fig. 5J-M ) was observed at a low frequency (less than ~0.5%). These paraclades frequently terminated in carpellike structures ( Fig. 5N-P ) and, extremely rarely, stamens were produced, which did not produce viable pollen (Fig. 5P,  inset) . These mutants were genotyped as drn drnl puchi bop1 bop2 quintuple mutants and were completely sterile.
The inflorescence architecture of drn puchi bop1 bop2 and drnl puchi bop1 bop2 was more indeterminate than that of 2.20 ± 0.51*** 4.97 ± 1.16*** 2.93 ± 1.25*** 1.41 ± 0.49*** drn drnl bop1 bop2 4.72 ± 0.47*** 3.50 ± 0.72*** 4.27 ± 0.96*** (20%) 1.43 ± 0.54*** At1g12890 4.01 ± 0.10 4.00 ± 0.00 1.80 ± 0.51 4.06 ± 0.24 2.00 ± 0.00 At2g28160 4.02 ± 0.14 4.02 ± 0.14 1.82 ± 0.44 4.00 ± 0.14 2.00 ± 0.00 lep-1 4.04 ± 0.02 4.00 ± 0.00 1.49 ± 0.76** 4.01 ± 0.10 2.00 ± 0.00 lep-1 puchi 4.00 ± 0.00 4.00 ± 0.00 1.63 ± 0.60 4.00 ± 0.00 2.00 ± 0.00 lep bop1 bop2 5.05 ± 0.22*** 4.05 ± 0.30 1.91 ± 0.32* 3.34 ± 0.91*** 1.36 ± 0.48*** drn puchi bop1 bop2 4.23 ± 0.66*** 2.98 ± 1.10*** 1.60 ± 0.71 3.60 ± 0.90*** 2.03 ± 0.42 drnl puchi bop1 bop2 3.14 ± 0.71*** 2.29 ± 0.98*** 1.36 ± 0.62*** 3.07 ± 1.61*** (14%) puchi bop1 bop2; that is, more phytomers were initiated before the inflorescences senesced and more phytomers consisted of paraclades instead of flowers ( Fig. 6A-C) . The basalmost paraclades were subtended by a cauline leaf, whereas younger paraclades were subtended by a bract/leaf-like organ. Genetic data thus reveal progressively more extreme organ merosity and identity phenotypes in progressively higher order genetic mutants, from puchi bop1 bop1, to drn puchi bop1 bop2 or drnl puchi bop1 bop2, to drn drnl puchi bop1 bop2.
DRN and DRNL do not genetically interact with LFY
Because the drn drnl puchi bop1 bop2 phenotype phenocopied that of strong lfy mutants, we analysed potential genetic interactions between DRN or DRNL and LFY by creating double mutants between drn or drnl and strong and weak lfy alleles (lfy-1 or lfy-2, respectively) and a drn drnl lfy triple mutant with both lfy alleles. Loss of DRN, DRNL, or both gene functions did not affect the inflorescence or floral phenotype of weak or strong lfy alleles (Fig. 5Q-T) or show additional phenotypes.
DRN or DRNL redundantly regulate LFY expression with PUCHI in the bop1 bop2 background
To establish whether the stronger mutant phenotype in the drn puchi bop1 bop2, drnl puchi bop1 bop2, and drn drnl puchi bop1 bop2 mutants relative to that in puchi bop1 bop2 is due to lowered LFY activity, we analysed LFY expression by introducing the pLFY::GLFY transgene (Wu et al., 2003) into a range of single to quintuple mutant backgrounds. In the wild type, LFY expression was strong in incipient and young floral primordia up to stage 3 (Fig. 7A) ; expression was homogeneous throughout stage 1 and early stage 2 floral buds, but was absent in the FM centre of late stage 2 and 3 flowers and in the emerging sepals. Following stage 3, LFY expression became rapidly weaker from floral stage 4 onwards (Fig. 7A) . No qualitative or quantitative alteration in LFY expression was observed in the drn, drnl, puchi, drn drnl, bop1 bop2 puchi drn drnl, drn bop1 bop2, or drnl bop1 bop2 genetic backgrounds ( Fig. 7B-I ). In puchi bop1 bop2 mutants, LFY expression was similar to that of the wild type in floral buds from stage 3 onwards; however, expression in the IM and during early floral stages was drastically reduced and was only weakly detectable (Fig. 7J ). Several inflorescence apices were analysed from the progeny of multiple independent pLFY::GLFY/drn puchi bop1 bop2 (n=12) and pLFY::GLFY/drnl puchi bop1 bop2 (n=14) quadruple mutants from the F 2 population. LFY expression was observed in the occasional floral buds that initiated (arrows in Fig. 7K , M), but was very weak or hardly detectable in lateral organs with paraclade identity or at the IM periphery ( Fig. 7K-N) . In quintuple mutant apices (n=13), only extremely weak LFY expression was detectable in the IM and paraclade meristems (Fig. 7O) . Thus, in comparison with the puchi bop1 bop2 triple mutants, dramatically lower LFY expression levels were observed in the apices of quadruple and quintuple mutants, which correlated with the absence of FM identity.
Discussion
Using higher order genetic analyses, we have demonstrated that the three closely related Arabidopsis AP2 transcription factors DRN, DRNL, and PUCHI redundantly control floral organ initiation within the FM and, together with BOP1/2, form a genetic regulatory node upstream of LFY, which is essential to confer FM identity.
Functional genetic hierarchies
Single drn mutants display no mutant floral phenotype (Chandler et al., 2007) and puchi mutants show a subtle bract outgrowth phenotype (Karim et al., 2009) . Despite being expressed in all floral organ founder cells (Chandler et al., 2011b) , loss of DRNL function only affects stamen outgrowth (Nag et al., 2007) , suggesting that it might function redundantly with other proteins. However, the combined loss of DRN, DRNL, and PUCHI leads to a drastic reduction in floral organ merosity in all four whorls, which is due to a failure of organ initiation rather than outgrowth, as confirmed by the absence of founder cells according to DRNL::GFP expression.
Early generated puchi flowers possess stipules (Karim et al., 2009) . When DRN but not DRNL function is lost in addition to PUCHI, these structures overproliferate and transform into trichomes, which occasionally encircle the whole pedicel to create a bract-like structure. This phenotype was more frequent in drn drnl puchi than in drn puchi flowers, suggesting that although DRN and PUCHI redundantly suppress bractlike structures, DRNL also contributes.
PUCHI also confers FM identity, because early initiated puchi mutant flowers retain partial inflorescence identity (Karim et al., 2009) ; similarly, the redundant BLADE-ON-PETIOLE (BOP) genes BOP1 and BOP2 suppress bract formation (Norberg et al., 2005) by physically interacting with TGA transcription factors such as PAN (Hepworth et al., 2005) . Loss of PUCHI function synergistically enhances the phenotype of bop1 bop2 mutants (Karim et al., 2009) , suggesting that all three genes functionally overlap in repressing bract development and promoting FM identity. In contrast, loss of DRN or DRNL or both genes in the bop1 bop2 double mutant background resulted in no synergistic phenotypes. The absence of DRN or DRNL function in the puchi bop2 bop2 background led to much more severe phenotypes in meristem identity and floral organ number and identity than those observed in puchi bop1 bop2: floral organs possessed homeotic transformations and fusions, and more secondary inflorescences were produced instead of flowers. This increase in meristem indeterminacy was accompanied by the initiation of more inflorescence nodes before senescence of the inflorescence. However, the loss of all three AP2 factor functions For drn puchi bop1 bop2, n=40; for drnl puchi bop1 bop2, n=28. in the bop1 bop2 background resulted in a complete loss of FM identity, with only carpelloid structures produced when paraclades terminally differentiated. This phenotype is similar that of lfy; weak lfy alleles possess fewer floral organs and predominantly sepals and carpels (Huala and Sussex, 1992) , and strong lfy-1/lfy-12 null alleles show an intermediate conversion of flowers to inflorescence branches, more distal leaves show carpelloid features, and the branches terminate in carpels-all features observed in drn drnl puchi bop1/2, suggesting that it reflects the loss of lfy expression. The absence of synergistic phenotypes when drn or drnl are combined with lfy further supports the hypothesis that DRN and DRNL act upstream of LFY.
Spatiotemporal constraints relative to LFY expression
These higher order mutant phenotypes are intriguing considering the largely discrete transcription patterns of DRN, DRNL, and PUCHI in the IM and FM, which all quantitatively contribute to LFY expression. Although DRNL marks all floral organ founder cells (Chandler et al., 2011b) , PUCHI is not expressed at sites of floral organ initiation in the FM. Although the expression of the DRN::GFP reporter construct imaged here and in Seeliger et al. (2016) is mutually exclusive to that of DRNL in the FM and IM, in situ DRN expression data (Kirch et al., 2003) indicated DRN expression in sepal primordia and in incipient FMs at the IM periphery. Thus, some subtle spatiotemporal overlap in DRN and DRNL expression might exist, to explain partly their redundancy in regulating LFY expression, or the differences between the in situ and promoter-driven DRN expression pattern might reflect cis-regulatory aspects of the DRN promoter. Promoter swap experiments revealed that DRN and DRNL are only partially functionally equivalent because, when expressed in the DRNL domain, DRN could only complement some aspects of the floral phenotype of the strong drnl-2 mutant and caused additional phenotypes (Chandler et al., 2011b) . Therefore, the basis of the redundant contribution of DRN and DRNL to LFY expression might partly reside in functional redundancy in early floral primordia, but also rely on their largely divergent transcriptional domains, since DRN is associated with the FM centre, and DRNL with the cryptic bract domain. A non-cell-autonomous function is supported by the role of PUCHI in suppressing bract outgrowth in the early FM, despite its expression only on the adaxial flank of the floral primordium (Karim et al., 2009 ). An additional discrepancy between phenotype and gene expression domains are fewer carpel valves in bop1/2 mutants, although neither BOP1 nor BOP2 is expressed in the FM centre (Hepworth et al., 2005; Norberg et al., 2005; Karim et al., 2009; Xu et al., 2010) . No evidence exists for non-cell-autonomy of DRN or DRNL (Chandler et al. 2011b) and PUCHI (Karim et al., 2009) . Thus, published data (Chandler et al., 2007; Karim et al., 2009) and the imaging of all three gene promoter activities within triple transgenic plants pursued here demonstrate that DRNL and PUCHI overlap within the FM at stage 1 and early floral stage 2, when DRN expression is absent. BOP1 and 2 expression overlap in incipient FMs and in stage 1 and 2 flowers, including at the abaxial side of the FM adjacent to the cryptic bract (Hepworth et al., 2005; Norberg et al., 2005; Karim et al., 2009) , and, therefore, overlap with PUCHI and DRNL. In contrast, DRN is expressed in the IM centre and is co-expresseed in the FM with WUS and CLV3 (Goldshmidt et al., 2008; Seeliger et al., 2016) when the FM gains autonomy. DRN, DRNL, and PUCHI have been functionally conserved and co-ordinately define cellular proliferation competence by regulating the G 1 /S transition, but have subfunctionalized with respect to transcriptional domains. This functional conservation of competence to promote cell division agrees with previous analyses of the dominant gainof-function bolita mutant (Marsch-Martinez et al., 2006) and the ability of PUCHI to regulate appropriate cell divisions in the lateral root primordium (Hirota et al., 2007) ; however, it cannot explain the quantitative transcriptional response of the LFY promoter with respect to the differences in the DRN, DRNL, and PUCHI expression patterns.
LFY is combinatorially and quantitatively regulated
As LFY positively regulates floral fate, it is transcriptionally up-regulated at the floral transition by the SOC1/AGL24 complex (Lee et al., 2008) , and is subsequently repressed in the IM centre by regulators of shoot fate, such as TERMINAL FLOWER, to maintain the IM in an indeterminate state (Weigel et al., 1992; Bradley et al., 1997) . In the FM, LFY activates AP1 expression and, together with various cofactors, establishes the expression domains of the floral organ identity genes AP1, AP3, PISTILLATA, and AGAMOUS (for a review, see Alvarez-Buylla et al., 2010) . Notably, the enhanced homeotic floral phenotypes in all floral whorls in the quadruple drn puchi bop1/2 and drnl puchi bop1/2 mutants (Table 3) is consistent with the disruption of floral organ identity gene expression downstream of LFY. LFY and AP1 are positively regulated by the redundant functions of PUCHI, BOP1, and BOP2 (Karim et al., 2009) , and, in triple puchi bop1 bop2 mutants, LFY expression is considerably reduced in early lateral primordia up to stage 3, when wild-type levels ensure that floral bud identity is acquired (Karim et al., 2009) . The complete conversion of FMs into inflorescence shoots in the quintuple drn drnl puchi bop1/2 mutant resembles that of lfy ap1 mutants (Huala and Sussex, 1992) . This is explained by the almost undetectable levels of AP1 in puchi bop1 bop2 (Karim et al., 2009; Xu et al., 2010) , combined with the abolition of residual LFY expression in the quintuple mutant.
In drn puchi bop1/2 and drnl puchi bop1/2 mutants, strong LFY expression is observed in a few primordia that acquire floral identity, whereas the majority of primordia that acquire paraclade identity show an extremely low expression level. In the quintuple drn drnl puchi bop1/2 mutant, LFY activity is barely detectable and correlates with solely indeterminate meristem or paraclade identity. Although LFY expression in the quintuple mutant is extremely attenuated, it is not abolished, suggesting that LFY expression has to exceed a threshold level to promote FM identity, potentially at late floral stage 2, when the wild-type FM becomes autonomous.
We hypothesize that the variation in LFY levels in quadruple mutants relates to this critical threshold in some lateral primordia and accordingly develop as floral buds. However, the abolition of FM identity in the quintuple mutant, which is correlated with barely detectable LFY expression levels in all lateral primordia, clearly demonstrates that LFY transcription is redundantly regulated by DRN, DRNL, and PUCHI, via BOP1 and BOP2.
In Arabidopsis, FMs initiate in the axils of cryptic bracts (Kwiatkowska, 2006) , where LFY is initially expressed in a few cells within the IM, adaxial to the cryptic bract domain marked by FILAMENTOUS FLOWER. LFY is later expressed throughout the FM as founder cells are rapidly recruited as FM progenitors (Heisler et al., 2005) , and loss of LFY function affects the subsequent spatiotemporal recruitment of sepal founder cells along an adaxial-abaxial axis (Chandler and Werr, 2014) . In contast, puchi mutants display an extended initial bulging stage in the IM, leading to a delay in FM formation (Karim et al., 2009) . PUCHI and DRNL expression domains transiently overlap in the adaxial domain of the early FM, where their encoded proteins can co-ordinately promote LFY expression. LFY expression in the centre of the FM (Blázquez et al., 1997) overlaps transiently with DRN at late stage 2 until LFY expression is repressed here from stage 3 onwards. Thus, despite their divergent spatiotemporal expression domains, DRN, DRNL, and PUCHI sequentially overlap with LFY at different developmental stages, which might sufficiently explain their quantitative effects on LFY expression. A further relevant consideration is that the LFY protein is mobile (Sessions et al., 2000; Wu et al., 2003) .
Potential non-cell-autonomous signals
The largely non-coincident expression of DRN, DRNL, and PUCHI suggests that their redundancy in FM identity and organ initiation might partly rest on the convergence of downstream pathway components or mobile, non-cell-autonomous signals. Auxin might represent one such signal and, similarly to drn drnl yuc4 (Chandler et al., 2011b) , drn drnl puchi has fewer floral organs, suggesting a potential deficiency in auxin responses. This is supported by the positioning of DRNL in a gene regulatory hierarchy directly upstream of STYLISH1 (STY1) (Eklund et al., 2011) , which regulates auxin biosynthesis via YUC4 (Eklund et al., 2010) . Furthermore, PUCHI and DRNL synergize with PID in FM initiation (Chandler et al., 2011b ; this study), and DRNL and PID interact in in vitro shoot formation (Matsuo and Banno, 2011) . According to DRNL::GFP expression, more sepal founder cells are present in drn drnl yuc4 and drn drnl puchi backgrounds, which occupy the whole FM periphery; however, the diffuse pattern of DR5 expression in drn drnl puchi potentially represents an insufficient differential auxin concentration in cells that cannot subsequently respond to additional specification signals. The PETAL LOSS transcription factor in the intersepal domain regulates auxin fluxes and concentrations in adjacent petal founder cells (Lampugnani et al., 2013) and represents a non-cell-autonomous function that affects floral organ merosity. All three AP2 transcription factors here are also transcriptionally regulated by auxin (Hirota et al., 2007; Cole et al., 2009; Comelli et al., 2016) . LFY is also embedded within an auxin feedback loop; it is transcriptionally regulated by MP (Yamaguchi et al., 2013) , positively regulates auxin biosynthesis via the YUC4 promoter (Li et al., 2013) , and interacts with polar auxin transport, as lfy pid mutants completely fail to initiate FMs (Li et al., 2013) . A further noncell-autonomous instructive signal involved in FM initiation in Arabidopsis is a gradient of cytokinin response established by the mobile cytokinin signalling inhibitor ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN6 (Besnard et al., 2014) , which is also a direct DRNL target (Ikeda et al., 2006) .
A model for redundant LFY regulation
The functional redundancy of three related AP2 transcription factors in FM identity and floral organ initiation leads to a model (Fig. 8) , where the co-ordinated functions of DRN, DRNL, and PUCHI in the IM are potentially regulated by auxin, and, together with BOP1/2, regulate LFY and its downstream targets such as AP1, which also promotes FM identity independently of BOP1/2 (Fig. 8A ). BOP1 and BOP2 function synergistically with LFY or AP1, and bop1 bop2 ap1 has highly branched inflorescence-like shoots (Xu et al., 2010) . A lower AP1 expression in bop1 bop2 lfy than in lfy demonstrates that BOP1/2 regulate AP1 transcription independently of LFY. BOP1/2 are recruited to the AP1 promoter via PAN and potentially other TGA transcription factors (Xu et al., 2010) . Auxin regulates LFY expression via a feed-forward loop involving ANT and AIL6. In the FM (Fig. 8B) , DRN, DRNL, and PUCHI are integrated up-and downstream of auxin signalling and redundantly promote organ founder cell recruitment or specification.
LFY is continuously expressed in the SAM, IM, and FM, but has diverse functions that depend on other regulators, for example SOC1 and AGL24 in the floral transition, AP1 in FM identity, and UNUSUAL FLORAL ORGANS and WUSCHEL in regulating AP1 and AP3, or AGAMOUS expression, respectively, in the FM Lenhard et al., 2001; Lohmann et al., 2001; Chae et al., 2008) . Therefore, a sequence of cell type-specific spatiotemporally expressed LFY regulators modulates cell fate changes in reproductive meristems. We show here, that five genes define a regulatory node that establishes FM identity, including three that encode redundant AP2 proteins. The functional redundancy of DRN, DRNL, and PUCHI potentially resides in the C-terminal ESR domain that is absent in LEP and other ERF clade VIIIb members (Nakano et al., 2006) . This domain confers transcriptional activation activity (Nomura et al., 2009) and suggests that DRN, DRNL, and PUCHI share co-evolved functions, whereas LEP has functionally diverged.
The functions of At2g28160 and At1g12890 in clade VIIIb remain unknown and the At2g28160 mutant might not be a null allele. At2g28160 and At2g28160 might function redundantly with each other or with DRN or DRNL, but the creation of higher order mutants between At1g12890 and DRN or DRNL is hampered by the physical proximity of the loci.
Evolutionary considerations
The monocot function of the five genes implicated here in establishing Arabidopsis FM identity is informative regarding the evolution of this regulatory network. The DRN and DRNL paralogues arose from a eudicot-specific gene duplication event, since monocots possess a single DRN/DRNL orthologue that aligns more closely to DRN (Zimmermann and Werr, 2007; Chandler et al., 2008) , but these have not been functionally analysed. However, PUCHI monocot orthologues have been well characterized in maize (branched silkless1, bd1; Chuck et al., 2002) , rice (FRIZZY PANICLE, FZP; Komatsu et al., 2003) , wheat (Dobrovolskaya et al., 2015) , and Brachypodium distachyon (MORE SPIKELETS1; Derbyshire and Byrne, 2013) . Monocot IMs undergo more complex identity transitions than in Arabidopsis, first producing spikelet pair meristems that initiate spikelet meristems and subsequently florets. All grass PUCHI orthologues regulate the identity of the spikelet meristem by suppressing axillary meristems, leading to appropriate FM identity. Maize bd1 mutants possess indeterminate branches instead of female spikelets and lateral spikelets in the tassel (Chuck et al., 2002) . Similarly, rice fzp mutants possess axillary meristems in the axils of glumes, which are bract-like organs (Komatsu et al., 2003) . However, grass PUCHI orthologues do not affect the development of bract-like organs and are not expressed in the spikelet meristem.
In barley, two BOP1/BOP2 paralogues, Uniculme4 and laxa, reveal both similar and divergent functions to Arabidopsis BOP1 and BOP2 and, unlike their redundant counterparts in Arabidopsis, function independently (Tavakol et al., 2015; Jost et al., 2016) . The LFY paralogues zfl1 and zfl2 in maize (Bomblies et al., 2003) have a conserved meristem identity function to LFY, but the LFY orthologue FLORICULA (RFL)/APO2 in rice (Kyozuka et al., 1998; Ikeda-Kawakatsu et al., 2012) represses the conversion of the IM to spikelet/ floral meristems (Ikeda-Kawakatsu et al., 2012) , which is the opposite function to Arabidopsis LFY and, correspondingly, FZP represses RFL/APO2 (Bai et al., 2016) . The more severe mutant phenotypes of grass PUCHI orthologues than of Arabidopsis PUCHI suggests that following expansion of the AP2 gene family, evolutionary functional selection has caused the identity of the Arabidopsis FM to be determined by three closely related redundant AP2 transcription factors, which continue to regulate floral organ initiation following the establishment of FM identity.
